One contribution of 16 to a theme issue 'Process and pattern in innovations from cells to societies'. Niche construction is a process through which organisms alter their environments and, in doing so, influence or change the selective pressures to which they are subject. 'Cultural niche construction' refers specifically to the effect of cultural traits on the selective environments of other biological or cultural traits and may be especially important in human evolution. In addition, the relationship between population size and cultural accumulation has been the subject of extensive debate, in part because anthropological studies have demonstrated a significant association between population size and toolkit complexity in only a subset of studied cultures. Here, we review the role of cultural innovation in constructing human evolutionary niches and introduce a new model to describe the accumulation of human cultural traits that incorporates the effects of cultural niche construction. We consider the results of this model in light of available data on human toolkit sizes across populations to help elucidate the important differences between food-gathering societies and food-producing societies, in which niche construction may be a more potent force. These results support the idea that a population's relationship with its environment, represented here by cultural niche construction, should be considered alongside population size in studies of cultural complexity.
Introduction
The forces underlying cultural complexity have been the centre of some controversy for over a decade (e.g. [1] [2] [3] [4] [5] [6] [7] [8] ). This debate primarily centres around the relationship between population size and cultural complexity, with some researchers asserting that these two are strongly linked [8] and some suggesting that there is no strong relationship [7] . Mathematical models and laboratory experiments have consistently suggested that demographic factors such as population size or connectedness should drive cultural complexity (e.g. [1, [9] [10] [11] [12] ). However, both regional and worldwide statistical analyses have shown little support for this idea in food-gathering societies (i.e. in hunter-gatherers), where proxy measures for environmental risk have been shown to be associated with toolkit complexity but population size has not [5, 7, 13, 14] . However, a link has been found between population size and cultural complexity in food-producing societies, for example for small-scale agriculturalists [15] . With this in mind, we reviewed the existing empirical studies of population size and cultural complexity, categorizing the results by subsistence strategy (table 1) .
This survey of the literature suggests that, to date, a significant relationship between cultural complexity and population size has been observed for food-producing societies (six studies, highlighted in bold in table 1) but not for food-gathering societies (five studies, highlighted in italics in table 1). The articles on food-producing societies surveyed in table 1 include studies of both & 2017 The Author(s) Published by the Royal Society. All rights reserved.
small-scale agriculturalist and industrialized societies. Both of these types of societies modify their environment through niche construction, and industrialized societies also tend to have both economies of scale and a division of labour in which subsets of people are specialized in different areas, further increasing cultural complexity [19, 22, 23] . We note that the patterns in table 1 hold despite the use of census population size in most studies, which lacks information about cultural connectivity and network size and can thus misrepresent the size of a population's cultural deme [8] . Taken together, the results surveyed in table 1 suggest that, whereas population size appears to correlate with cultural complexity in food-producing and industrialized societies, factors other than population size could be mediating the cultural complexity of food-gathering societies. Indeed, in each of the studies of food-gathering societies, the size of the cultural repertoire was significantly correlated with some aspect of environmental instability, such as risk of resource failure [5, 16] , mobility [16] , length of the growing season [3] , environmental risk [6, 14] and effective temperature [15] . Thus, the environment could play a more important role than population size in mediating cultural accumulation in food-gathering societies but not in food-producing societies.
Collard et al. [15] suggested that a form of niche construction could dampen the impact of environmental changes by cushioning and stabilizing the food supply, making populations more robust to environmental fluctuations. In this case, the environment may not play such a strong role in determining cultural complexity, and there may be more scope for population size to influence cultural complexity. Indeed, this is the situation that is most often modelled, as environmental fluctuations do not appear in most models. A model that accounts for environmental fluctuations, innovation rates and demographic factors, such as population size or density, could help to bridge the gap between data analysis and theoretical models in this contentious field.
Here, we present a model in which cultural evolution is affected by both population size and the environment. This framework is applicable to the tools and technologies in a population that have a potential fitness effect; in other words, we primarily consider the cultural evolution of tools that are relevant to survival and reproduction, such as those involved with food acquisition, clothing and shelter, as opposed to more symbolic types of culturally transmitted traits, such as language or ornamentation. We assume that these technologies might not be useful in all possible environmental conditions; if the environment changes or the population migrates to a new environment, the weather patterns, soil chemistry and native flora and fauna might change, rendering the previous cultural repertoire less advantageous. If an individual's cultural repertoire is not well suited to the environment, that individual has the chance to innovate at each time step. However, the degree to which the environment affects a population's fitness might depend on the level of niche construction in that population: if a population has heavily modified the aspects of the environment that are relevant to its fitness, perhaps through agricultural practices, that population might be buffered against environmental changes that would disrupt the fitness of a food-gathering population. If the culture of this hypothetical gathering population is closely tied to environmental instability, population size might have a reduced effect on its cultural complexity compared with the hypothetical agricultural population. With this model, we analyse the interactions between environmental change, population size and cultural complexity, and we assess how these interactions may differ when a population extensively alters its own environment. The model's results are consistent with the observed patterns of cultural complexity across studied populations to date, suggesting that this cultural niche construction hypothesis is a plausible factor in cultural accumulation, warranting further investigation.
The model
Here, we present an agent-based simulation model based on the study of Fogarty et al. [12, 24] that takes account of environmental harshness and variability, as well as the effect of Table 1 . Survey of empirical studies of cultural complexity and population size. For empirical studies of cultural complexity, we note whether the studied populations were food gatherers (italics) or food producers (bold). We observe a stark difference between these two strategies: there was no significant association between cultural complexity and population size in studies of food-gathering populations, but there was a significant association in the studies of food-producing populations.
reference populations studied food-gathering or food-producing association between cultural complexity and population size? [3, 5] 20 hunter -gatherer groups gathering no [6] 85 hunter -gatherer groups in North America gathering no [14] 7 prehistoric populations gathering no [16] 49 hunter -gatherer populations worldwide gathering no [15] 34 hunter -gatherer populations gathering no [15] 45 small-scale food-producing populations producing yes [17] 10 non-industrial fisher/farmer populations producing yes [18] 40 preindustrial food-producing societies producing yes [19] 46 populations mixed, mostly producing yes [20] 331 US cities/metropolitan areas producing yes (innovation rate) [21] 264 US metropolitan areas producing yes (innovation rate)
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160428 population size on measures of cultural accumulation. We consider a well-mixed population of size N; we assume that this population does not have outside contacts and, thus, N is also the size of the cultural deme. Each individual has a repertoire of up to 500 cultural traits or behaviours, and new traits can be innovated or learned during an individual's lifetime. Following Fogarty et al. [12, 24] , each time step of the model involves the birth of a new individual, learning and death. This sequence is repeated N times; this is one generation. After each generation, the environmental state may change. An individual's fitness depends on its ability to match its behaviour to the environment. Cultural complexity is calculated by counting the number of cultural traits that appear in the cultural repertoire of at least one individual.
(a) Birth, learning and innovation
In each time step, a new individual is born. The new child chooses a role model to copy with a probability proportional to each adult's relative fitness in the population (in other words, new individuals show a prestige bias in choosing their role model) and copies the cultural traits of that role model with fidelity b ! 0.9 applied to each trait independently. (Note that a model including unbiased learning (with a randomly chosen role model) produces similar results (see electronic supplementary material, figure S1 ), but the model cannot speak to the possible effects of cross-population differences in the prevalence of prestige bias.) The new individual replaces an existing individual with a probability inversely proportional to fitness in the adult population, with the new individual more likely to replace a low fitness individual. Thus, an individual's fit to the current environment affects both its probability of becoming a cultural role model and its probability of death. Every time step, each individual has a chance to innovate, attempting to add a trait to its repertoire with a probability m in ¼ 1/N. However, the individual will only attempt to innovate if none of its current behaviours matches the environmental state, E (see below). This means that individuals tend to innovate in response to environmental pressure. This type of deliberate innovation has been shown to be a key component of human creativity and important in models of cultural evolution [25] .
(b) The environment
The environment is defined by set of integers 1 : E n , where E n is the number of possible environmental states. At any one time, the environment takes a value, E, between 1 and E n . Each individual in the population has a repertoire of cultural traits, and each of these traits also takes a numerical value between 1 and E n . Individuals can achieve an optimal level of fitness by matching (numerically) the environmental state with one of its cultural traits or behaviours. However, the individual can gain some fitness by closely approximating the environmental state. This is mediated by a parameter that reflects the 'harshness' of the environment, h, such that fitness is proportional to h Àd i , where d i is the absolute value of difference between E and the closest trait value in the repertoire of individual i (figure 1; see also [26] for further details). The environmental state, E, changes every c generations to another random value between 1 and E n .
To represent a population that has buffered the impact of the environment on its fitness, we set h equal to 1, in which case h
Àd i is also 1 and the fitness does not vary with the environment. We set h equal to 1.1 to represent a population in which an individual's fitness decreases when it does not have any cultural traits that are well matched to the current environment. We also test an intermediate level of niche construction, representing a population that has buffered the effect of some environmental changes but not others. For this strategy, environmental changes can also switch the harshness of the environment, so h ¼ 1 in some environments and h ¼ 1.1 in others. Finally, we test the influence of some of the assumptions of the model. First, we test the effects of relaxing the assumption that fitness depends on an individual's relationship to the environment (d) by implementing a scenario in which individuals die at random instead of at a probability dictated by their fitness. In addition, we test the effects of relaxing the assumption that individuals innovate when they are not well adapted to the environment (d . 0), instead allowing individuals to innovate at random.
Results
Here, we describe a model in which cultural niche construction lessens the tumultuous effect of the environment on the population. We examine the effects of population size and innovation rate on cultural complexity in two conditions: first, in a niche-constructing population (e.g. in small-scale agriculturalists) in which the influence of the environment has been tempered, and then in a non-niche-constructing population (e.g. hunter-gatherers) in which the environment has a harsh effect on fitness. Our model explores the interactions between environmental change, population size and cultural complexity, and we consider the effect of each of these factors in turn.
(a) The effect of the environmental harshness and variability
The model reflects both the harshness and changeability of the environment experienced by a hypothetical population. In our rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160428 simulations, the environment changes every c generations. The harshness of the environment is defined as the fitness effect of being less well suited to the environment; for harsh environments, there is a fitness penalty for having a cultural repertoire that is poorly adapted to the current environment. For individuals exposed to a harsh environment (h ¼ 1.1), an increased rate of environmental change (smaller c) is accompanied by an increase in cultural complexity as individuals innovate to keep up with a rapidly changing environment. The rate of environmental change and the harshness of the environment both affect a population's cultural complexity (figure 2). In these simulations, the cultural repertoire stabilizes in a reasonable timeframe (e.g. on the order of 10-20 model generations for N ¼ 100), after which environmental and stochastic events can cause the cultural repertoire to fluctuate.
When we compare across multiple population sizes and rates of environmental change in a heatmap, we again observe a strong relationship between population size and cultural complexity for populations experiencing low environmental harshness (figure 3a). Populations with the harshness parameter (h) equal to 1 have stable cultural repertoires across different rates of environmental change (c), as seen in figures 2 and 3a, and cultural complexity scales with population size. By contrast, populations subject to larger values of environmental harshness (h ¼ 1.1) show a dramatic relationship between environmental change and cultural complexity. When the rate of environmental change is high (smaller c), the population in a harsh environment must constantly innovate to keep up with the environmental change, and the cultural complexity increases with population size (figure 3c). In contrast, populations in a harsh but stable environment (h ¼ 1.1, larger c) have smaller cultural repertoires that do not show a strong correlation with population size. This happens because where the environment is stable, more individuals have a behaviour that closely matches the environment (figure 4), and harshness has less of an impact. For h ¼ 1.1, the number of traits in the population is reduced compared with the number when h ¼ 1; when the environment is harsher, individuals are more likely to die when they mismatch with the environment. As a result, some number of extraneous cultural traits are removed from the population every time step, reducing the overall complexity of the population's cultural repertoire. We also tested an intermediate strategy in which a population could buffer the adverse fitness effects of some environmental changes but not others. We implemented this scenario such that each environmental change also induced a shift in environmental harshness, so the population alternated between h ¼ 1 and h ¼ 1.1 when the environment changed, i.e. every c generations. We found that cultural repertoire size was correlated with population size with this strategy (figure 3b), demonstrating that the buffering of environmental stability by niche construction does not have to be perfect or uninterrupted to alter the dynamics of trait accumulation. However, as in the case in which the environment is always harsh (figure 3c), the greatest cultural accumulation occurs when the environment changes very frequently (smaller c) and the population must innovate rapidly to adapt ( figure 3b ). Finally, we tested the idea that rare bouts of a particularly harsh environment could lead to catastrophic events for populations that had buffered themselves against environmental changes. Populations, particularly large ones, that have extensively modified their relationship to the environment could be vulnerable to these rare periods in which their established cultural repertoire is not well matched to the current conditions (electronic supplementary material, figure S2).
The patterns described here are qualitatively similar for a range of values of the transmission fidelity parameter b; here, we present results with b ¼ 0.9 (figure 2; electronic supplementary material, figure S3 ), which is in line with the transmission fidelity observed in experimental settings when individuals have a finite time to learn, and with b ¼ 0.99 ( figure 3 ; electronic supplementary material, figure S4 ), which approximates the very high transmission fidelity observed when individuals have extended opportunities to learn.
(b) The effect of population size
Mathematical models, to date, have suggested that population size (or effective population size) should have a strong correlation with cultural complexity. Our model supports this hypothesis in cases when the environment has a weak effect on the probability of survival and innovation. Figures 2 and  3 show that the association between population size and cultural complexity for niche constructors (h ¼ 1) is strong and consistent with the findings of previous models. However, when the effect of the environment on survival and the rate of innovation is strong (h ¼ 1.1), the effect of population size is more complex and depends crucially on environmental variability. When the environment is harsh and variable, there is a strong effect of population size on cultural complexity, and when it is harsh but relatively stable there is very little effect of population size. In other words, certain environmental contexts can overwhelm any effect of population size. Under these conditions, empirical studies are unlikely to find a straightforward relationship between population size and cultural complexity. In the model, an individual's fit to the environment determines both its survival probability and the likelihood of innovation. If an individual's most adaptive cultural trait is far from the cultural optimum, that individual is at a fitness disadvantage and might not survive. In addition, in our model, an individual has the opportunity to innovate only when there is a mismatch between its cultural repertoire and the environment; if its cultural traits are already matched to the current environment, the individual will not innovate. The clearest way to see the relative importance of these assumptions is to relax them in turn ( figure 5 ). First, we relax the assumption that an individual's survival depends on the relationship between its cultural repertoire and the environment (d); instead, individuals die at random. In this scenario, when the environment is unstable and harshness is high, natural selection reduces the number of cultural traits in the population below that expected when harshness is low (compare figure 2 with figure 5a for c ¼ 1). Next, we relax the assumption that individuals only innovate when their cultural repertoire is not well adapted to the environment (d . 0); instead, individuals innovate at random. Without this assumption that the environment affects the rate of innovation, the pattern seen clearly in figure 2 is no longer evident (figure 5b): environmental harshness (h) no longer dramatically changes the relationship between cultural complexity and population size. In other words, when individuals innovate in response to environmental pressure, there is a stronger effect of environment on their cultural complexity and a correspondingly weaker effect of population size.
Discussion
There has been extensive debate about the relative roles of population size and environmental factors in determining cultural complexity at a population level [1, 2, 4, 5, [7] [8] [9] 13, 27, 28] . However, niche construction theory suggests that the environment might not affect all populations equally. Populations that modify their environments extensively-for example, by building shelters, farming the land, selecting for certain traits in plants (see, e.g. [29] ) and domesticating animals-are likely to be buffered against certain environmental changes. Along these lines, Collard et al. [15] hypothesized that the effects of a changeable environment, to which food gatherers would be subject, might be attenuated by the niche construction action of food-producing populations (e.g. small-scale agriculturalists). This, in turn, suggests that the effect of the environment on cultural complexity might be stronger in food-gathering populations and weaker in food-producing populations, and that the effect of population size on measures of cultural complexity would, conversely, be stronger in producers relative to gatherers. This hypothesis could provide one possible explanation why researchers would find quite different results when looking for a link between population size and cultural complexity in hunter-gatherers and in agriculturalists. Our examination of the literature on the topic lends support to this hypothesis (table 1) . We found that where researchers examined food-producing populations, they found a link between cultural complexity and population size; where they examined food gatherers, they did not. This pattern was robust across different populations, different methods of data collection and different types of analyses. To model this effect, and to better understand the underlying dynamics, we built on previous well-understood models of cultural accumulation [11, 24, 30, 31] , adding a changeable environment and allowing the effect of that environment on survival to vary between hunter-gatherers (h ¼ 1.1) and agriculturalists (h ¼ 1). Although it is the subject of some debate [7, 8, 32] , we assumed that innovation occurred deliberately in response to environmental pressure [25] and at a certain low probability. A similar assumption was made in another model that studied the relationship between population size, cultural complexity and the environment [33] . In that model, resources in an environment were limited, and innovations allowed a population to either more efficiently extract certain resources or broaden its resource base. Here, we focus on the population's interaction with the environment in another sense: does the population modify its environment to change the way resources can be extracted? When we analysed our model, incorporating innovation in response to environmental pressure along with environmental risk, our results reproduced the patterns seen in the data: that population size affects the toolkits of food producers more than food gatherers over a large parameter space. This indicates that characterizing the interactions between populations and the environment could be a potentially useful avenue of exploration for future studies of cultural complexity. Our model suggests the feasibility of this niche construction hypothesis: where the environment is relatively stable, we predict little effect of population size on cultural complexity in hunter-gatherers, as the effects of selection and reduced innovation swamp the effect of population size. On the other hand, we hypothesize a strong effect of population size under the same conditions for food producers-even when they are subject to occasional environmental perturbations (as would be expected for any real-world population).
As Vaesen et al. [7] point out, some studies have shown a relationship between environmental risk and cultural complexity, and others have not. Thus, they suggest that environmental risk may not be a universal driver of changes in cultural complexity. Our model suggests that one factor influencing the probability of finding such a relationship might be the subsistence strategy of the study population (or the strength of the effect of environmental perturbations mediated by niche construction) as well as the rate of environmental change. Connectivity between populations might also affect the relationship between population size and cultural complexity [8, 9, 28] .
Connectivity has been hypothesized to increase the size of the effective population and allow access to new innovations, leading to an increase in cultural complexity. However, subsistence strategy could also be described as a set of cultural traits that mediate interaction with the environment and a population's mode of production. Where new subsistence strategies are transmitted from one population to another, connectivity might also affect the kind of relationship we might expect to see between population size and cultural complexity.
In the context of the empirical and theoretical literature summarized here, our model suggests that future research on cultural complexity should consider the nature of the relationship between populations and their environments, perhaps by developing new methods to quantify the degree to which populations are capable of buffering the effects of environmental change.
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